Genome-wide nucleosome maps revealed well-positioned nucleosomes as a major theme in eukaryotic genome organization. Promoter regions often show a conserved pattern with an NDR (nucleosome-depleted region) from which regular nucleosomal arrays emanate. Three mechanistic contributions to such NDRarray-organization and nucleosome positioning in general are discussed: DNA sequence, DNA binders and DNA-templated processes. Especially, intrinsic biophysics of DNA sequence preferences for nucleosome formation was prominently suggested to explain the majority of nucleosome positions ('genomic code for nucleosome positioning'). Nonetheless, non-histone factors that bind DNA with high or low specificity, such as transcription factors or remodelling enzymes respectively and processes such as replication, transcription and the so-called 'statistical positioning' may be involved too. Recently, these models were tested for yeast by genome-wide reconstitution. DNA sequence preferences as probed by SGD (salt gradient dialysis) reconstitution generated many NDRs, but only few individual nucleosomes, at their proper positions, and no arrays. Addition of a yeast extract and ATP led to dramatically more in vivo-like nucleosome positioning, including regular arrays for the first time. This improvement depended essentially on the extract and ATP but not on transcription or replication. Nucleosome occupancy and close spacing were maintained around promoters, even at lower histone density, arguing for active packing of nucleosomes against the 5 ends of genes rather than statistical positioning. A first extract fractionation identified a direct, specific, necessary, but not sufficient role for the RSC (remodels the structure of chromatin) remodelling enzyme. Collectively, nucleosome positioning in yeast is actively determined by factors beyond intrinsic biophysics, and in steadystate rather than at equilibrium.
The majority of eukaryotic nuclear DNA is organized into nucleosomes. A nucleosome core particle consists of 147 bp of DNA wrapped in ∼1.7 turns around an octamer of histone proteins [1] . Such wrapping makes nucleosomal DNA usually less accessible for DNA-binding factors than the nonnucleosomal DNA in the short linker regions between nucleosome cores or in the more extensive NFRs (nucleosome-free regions)/NDRs (nucleosome-depleted regions) (formerly called 'nuclease-hypersensitive sites'). Thus the positioning of nucleosomes may affect all DNAtemplated nuclear processes by modulating DNA site accessibility. This may be linked to the impact of nucleosome positioning on higher-order chromatin structures [2] . Genomewide nucleosome mapping in many species revealed a high degree of well-defined nucleosome positions [3] [4] [5] [6] [7] [8] [9] [10] , i.e. within a population of identical DNA molecules, nucleosomes are found at about the same positions. Even more, across species there is a stereotypical nucleosome organization at many genes: just upstream of the TSS (transcriptional start site) resides a 5 NDR of 100-200 bp, flanked downstream, and sometimes also upstream, by an array of evenly spaced nucleosomes with decaying regularity along the gene [11] [12] [13] . So nucleosomes are not only well-positioned among identical DNA molecules, but also relative to a common reference point, such as the TSS, among different molecules. Such highly organized and evolutionarily conserved structures underscore an important role for positioned nucleosomes. What is the molecular mechanism for nucleosome positioning?
Current models for nucleosome positioning: DNA sequence, DNA binders, processes
To explain the majority of positioned nucleosomes, we need to explain what generates the 5 NDRs and the genic arrays. As nucleosome positions are defined relative to a specific DNA sequence [14] , the DNA sequence must be essential for determining nucleosome positions. However, what are the decisive sequence cues and how are they read? Current models can be classified in three ways (Table 1) . First, intrinsically sequence-dependent biophysical properties of DNA, such as bending anisotropy or stacking energy, affect the energetics of bending and binding DNA around the histone octamer [14] [15] [16] [17] [18] . A stretch of DNA can be conceptualized as an intrinsic nucleosome formation energy landscape, where troughs and peaks may thermodynamically [38] . †If and how much DNA methylation, histone variants/modifications and higher-order structure influence nucleosome positioning is little understood [39] and not considered further in the present paper. At least for budding yeast, the histone H2A variant H2A.Z seems not to have a causal role [20] . ‡Recently shown not to be necessary for generating the basic nucleosome positioning pattern in S. cerevisiae [38] .
determine nucleosome positions. In this view, the histone octamer 'reads' the intrinsic DNA landscape cues. As only DNA and histones, the constituents of a nucleosome, are involved, such a mechanism relies on intrinsic or 'cis'-factors [12] . Secondly, extrinsic or 'trans'-factors beyond the nucleosome may be involved. For example, sequence-specific DNA binders may bind their sites and thereby compete with nucleosome formation. GRFs (general regulatory factors), such as Reb1 or Abf1 in yeast or the RNA polymerase I TTF-1 (transcription termination factor-1) in mouse, exclude nucleosomes from their sites, i.e. generate NDRs [19] [20] [21] [22] [23] [24] . They may also generate highly positioned nucleosomes flanking their sites [19] . This may explain the positions of 'anchor' nucleosomes at array starts. Also factors with broad sequence specificity, such as chromatin remodelling enzymes, may change the preferences for nucleosome positioning beyond intrinsic preferences [18, 25] . Thirdly, also involving transfactors, processes such as transcription [26, 27] , replication or 'statistical positioning' [28] (see below), may affect nucleosome positioning. Especially, transcription was proposed to be involved in array formation, given that arrays tend to be more regular and extensive over actively transcribed genes in fission yeast Schizosaccharomyces pombe or human cells [6, 8] .
In vivo relevance of intrinsic DNA sequence rules for nucleosome formation
Possibly, a combination of all three mechanisms leads to the in vivo nucleosome organization. Nonetheless, it is currently debated which mechanism is predominant, especially since the prominent suggestion that intrinsic DNA sequence properties, i.e. the cis-factors, may explain the majority of nucleosome positions ('genomic code for nucleosome positioning' [29] , 'DNA-encoded nucleosome organization of a eukaryotic genome' [30] ). Indeed, biophysical DNA sequence rules for nucleosome formation, e.g. certain dinucleotide periodicities favouring [16] and poly(dA · dT) [31, 32] or poly(dG · dC) [24] stretches disfavouring nucleosome formation, can be derived from, or are reflected in, nucleosome maps from several species [29, 30, [33] [34] [35] [36] .
In vitro reconstitution of nucleosomes by SGD (salt gradient dialysis), which involves only DNA, histones and buffer, was used to probe the intrinsic DNA nucleosome positioning landscape [37] . Strictly speaking, the conditions are not physiological, and SGD may reflect the sequence preferences of the histone H3/H4 tetramer at high salt concentrations. Unfortunately, there is no technique available that would kinetically allow histone octamers to adopt their intrinsically preferred positions under physiological conditions. Nonetheless, genome-wide SGD reconstitution recapitulated broad in vivo nucleosome occupancy patterns for budding yeast Saccharomyces cerevisiae, arguing for physiological relevance [26, 30, 38] . Nucleosome occupancy describes the probability of a given base pair to reside in any nucleosome, amounting to a 147 bp sliding window of nucleosome positions [14, 39] . So it is no contradiction that there was substantial correlation between in vitro and in vivo nucleosome occupancy, but only few proper nucleosome positions and hardly any regular arrays were reconstituted by SGD [26, 38] . Apparently, intrinsic biophysics of histone sequence preferences does not determine the majority of positions and does not generate arrays. The authors of the 'genomic code hypothesis' rephrased their original claim accordingly such that not the majority of nucleosome positions is intrinsically determined by the DNA sequence, but that histone sequence preferences are the only single factor known with such a pervasive role [14] . There certainly remains as 'grain of salt' that poly(dA · dT) stretches tend to be non-nucleosomal in all species, and nucleosome favouring sequences contribute to some (key) positions in vivo.
It is important to note that the extent to which intrinsic DNA properties are used in vivo to determine nucleosome positioning does vary among species. While poly(dA · dT) elements are highly enriched in 5 NDRs of S. cerevisiae, they are not enriched in the very distantly related S. pombe [8] . A prediction algorithm derived from intrinsically driven SGD nucleosome positioning over the S. cerevisiae genome [30] performs quite well for S. cerevisiae, but fails for S. pombe [8] . I wonder if there had ever been an emphasis on histone sequence preferences if S. pombe had been the principle model organism. Recent comparisons of nucleosome maps from 13 yeast species further underscored the evolutionary plasticity of nucleosome positioning mechanisms [9, 24] . For the same class of genes, some species employ poly(dA · dT) elements to generate 5 NDRs, but others rely on GRF binding or a combination of both.
In vitro reconstitution of nucleosome positioning with yeast extract highlights the predominant and active role of trans-factors
The rather limited reconstitution of in vivo nucleosome positions along the budding yeast genome by SGD suggested that factors beyond just DNA and histones are required. As the first purified factor the fruitfly remodelling enzyme ACF (ATP-utilizing chromatin-assembly andremodelling factor) was tested, but this even decreased the correlation between in vivo and in vitro positions [26] . In contrast with such candidate approach, my group established for some time that incubation of SGD yeast chromatin with yeast WCE (whole-cell extract) led to proper nucleosome positioning at about a dozen loci [40] [41] [42] [43] [44] . Importantly, this re-positioning of nucleosomes from their SGD determined to the more in vivo-like positions was strictly dependent on ATP. This argues for an active process, probably involving remodelling enzymes. In collaboration with the Pugh group, we recently extended this approach to genome-scale [38] (Figure 1 ). This way we first recapitulated the success and limitation of genome-wide SGD reconstitution. Then, we showed that incubation of the SGD chromatin with yeast WCE and ATP dramatically improved the nucleosome positioning pattern (Figure 2 ). Especially the genic arrays were reconstituted for the first time in vitro. Even the 5 NDRs, which were already quite well reconstituted by SGD, became even more in vivo-like, arguing that even here intrinsic DNA features are not sufficient but aided by trans-factors. Overall, this demonstrates that nucleosome positions are predominantly determined by trans-factors in an active, energy-dependent way.
No major role for processes such as replication, transcription and statistical positioning
Our extract-based in vitro reconstitution system did not entail active replication or transcription. This excludes an essential role for both processes in setting up the hallmarks of nucleosome positioning. Nonetheless, the in vitro reconstituted nucleosome pattern is far from perfect. Transcription, for example, may still have a role in refining this basic pattern to the true in vivo pattern. Also, the experiment addressed only S. cerevisiae nucleosome positioning. The mechanistic contribution of factors and processes may vary among species.
For many years, 'statistical positioning' was the classical model to explain the formation of regular nucleosomal arrays [28] . On a purely theoretical basis, Kornberg and Stryer [28] proposed that nucleosomes move freely along DNA such as a one-dimensional liquid until they meet fixed barrier elements. Such a system can be mathematically described, and was recently put on firm physics ground by the Gerland group [45] . The model calculations predict nucleosomes to become highly positioned next to the barrier in the form of regularly spaced arrays with regularity decaying away from the barrier. The beauty of this model is severalfold. First, the correlation between the predicted and the observed nucleosomal pattern is persuasively striking. Secondly, only few DNA encoded features, i.e. the barriers, are sufficient to determine nucleosome positioning over a wide range. This minimizes the evolutionary constraint on genomic DNA sequence to take care of its own packaging, in contrast with the 'genomic code hypothesis'. Thirdly, nucleosome positioning is mainly a passive self-organizing and therefore energysaving process at thermodynamic equilibrium. These assets persuaded many in the field, including myself, to favour this model for a long time. However, despite the good correlation, its causative power was never experimentally tested. Just now, two groups, independently of each other and within just 1 month of publication date, provided evidence against statistical positioning [38, 46] . This model clearly predicts the average nucleosome spacing within the arrays to be a function of histone density, i.e. wider spacing at lower density. In contrast, in vitro reconstitution with WCE and ATP at about half the histone density retained positioned nucleosomes at the 5 end of genes with unchanged spacing, but at the expense of nucleosome occupancy further downstream [38] . In vivo, both mouse and yeast cells deleted for the gene(s) encoding HMGB1 (high-mobility group-protein B1) contain fewer histones (80% and 65% of wt (wild-type) level for mouse and yeast respectively), but maintain average nucleosome spacing just as the wt [46] . Both observations clearly contradict the prediction of statistical positioning.
Especially the in vitro result of maintained high nucleosome density around the TSS at the expense of nucleosome occupancy in the gene body argues for a new mechanism: nucleosomes are actively packed against some form of barrier at the 5 end of genes. The biological significance may be that the proper chromatin structure around the TSS, where most regulatory elements are located, has to be actively maintained regardless of possible fluctuations in histone density, e.g. during replication. This proposed mechanism of nucleosome packing into the 5 direction fits very well to the recently suggested 'transcription-related retrograde movement of nucleosomes' [47] . The latter was derived from the observation that ancestral histones accumulate after replication preferentially 5 of genes, while new histones are deposited in the gene body. Despite the different assumptions as to what moves the nucleosomes, remodelling enzymes versus transcription, the observed outcome is the same: active movement of nucleosomes towards the 5 end of genes.
Searching for the nucleosome positioning trans-factors: a specific role for the RSC (remodels the structure of chromatin) complex
What are the factors that implement an active packing mechanism? The molecular nature of the barriers is not clear yet. It could be bound factors, such as GRFs, in conjunction with nucleosome excluding sequences, such as poly(dA · dT). There is in vivo evidence for a role of such factors in generating NDRs [19] [20] [21] [22] 30, 31, 33, 38, 48] , but this does not prove yet their function as a barrier. Further, it needs to be established how nucleosomes are moved preferentially towards the barrier to form closely spaced arrays there despite low histone density. Remodelling enzymes are good candidates, but no classic remodelling mechanism entails such directional spacing. Still, the recently suggested 'ruler' function of the yeast Isw1a complex may represent what we are looking for [49] . In vitro reconstitution with purified factors may resolve these issues.
Complementary to such candidate approach, the extractbased reconstitution offers an unbiased approach for the identification of nucleosome positioning factors. Using reconstitution of proper nucleosome positioning at the yeast PHO8 locus as read out, Christian Wippo in my group undertook a first fractionation of the WCE [44] and found the RSC complex. Three other groups already demonstrated that ablation of the essential RSC complex in conditional mutants led to wide-spread diminished NDR formation [20, 21, 50] . These in vivo studies could not address if the effects were direct or indirect, or if RSC was only necessary or also sufficient. In vitro, purified RSC alone was mostly insufficient for NDR formation, but could rescue extracts from in vivo RSCdepleted cells, thus demonstrating a direct role. Such rescue was not achieved by adding the same remodelling activity in the form of purified SWI/SNF or Isw2 (imitation switch) remodelling complexes. This argues that a remodelling enzyme such as RSC can be specifically required for nucleosome organization. This again argues that remodelling enzymes participate in nucleosome positioning not just as 'kinetic lubricants' but may directly influence the thermodynamics, i.e. be part of the positioning determinant [2, 44] . They need not remain bound to the positioned nucleosome, but could dissociate and leave the nucleosome in a kinetically trapped but nonetheless stably positioned state. A specific and direct role of an ATPase such as RSC requires a net consumption of ATP for nucleosome positioning, which is not compatible with equilibrium [39] , but rather with a steady state [44] .
Key points
Intrinsic DNA sequence rules for nucleosome formation cannot explain the majority of in vivo nucleosome positions, but do contribute to NDR formation and (co-) determine some nucleosome positions. The extent to which intrinsic positioning is employed in vivo varies among species.
Replication, transcription and statistical positioning are not essential to set up the basic pattern of nucleosome positioning in yeast.
Energy-dependent trans-factors actively determine nucleosome positioning, including array formation, especially around the TSSs: active packing mechanism.
Nucleosome positioning is not a passive, self-organizing system at equilibrium, but actively maintained, e.g. by specific remodelling enzymes.
Genome-wide in vitro reconstitution of nucleosome positions including trans-factors provides a new tool to study positioning mechanisms.
